The goal of this study was to create polydimethylsiloxane (PDMS) and microcrystalline cellulose (MCC) composites with high mechanical properties and antimicrobial activity. Vinyl-terminated PDMS was mixed with bifunctional filler, which combines MCC stiffness and antimicrobial properties of silver nanoparticles. To provide antimicrobial properties the silver nanoparticles in situ were synthesized by chemical reduction method in MCC aqueous suspension. Silver nanoparticles (AgNPs) concentration deposited on MCC particles surface was varied. The morphology, antimicrobial activity and mechanical properties of PDMS/MCC composites and their components have been investigated. It was shown that the combination of MCC/AgNPs as a filler and PDMS as matrix advantages bring multifunctional properties to polymer matrix composite.
INTRODUCTION
1 Silicones due to their biocompatibility and biodurability have found widespread application in orthopaedic and medicine fields [1 -3] . Silicones are synthetic polymers whose skeletal backbone is made up of silicon-oxygen bonds [1, 3] . The basic repeating unit of a linear polysiloxane molecule has the structure -(RR'SiO) n -. The most common member of the siloxane family is polydimethylsiloxane (PDMS), when both R and R' are methyl groups. PDMS has found many applications due to their unique properties, which arise mainly from the nature of the siloxane bond (Si-O) [3 -6] . These properties include extremely low glass transition temperature (-123 °C), low surface energy, good insulating properties, high permeability to gases and very good chemical and thermal stability [4] . However, PDMS is characterized by poor mechanical properties. The reinforcing fillers are added to overcome this problem. Most studies have been focused on the use of synthetic and inorganic fillers such as fumed or precipitated silica, carbon black, boron nitride, to improve silicones mechanical behaviour [3, 7 -10] . Much less researchers have been turn on bio-based materials [11, 12] .
Interest in cellulose-reinforced composites and nanocomposites has increased in recent years [13 -15] . Cellulose is a linear-chain carbohydrate polymer characterized by a high molecular weight homopolymer of β-1,4-linked anhydro-D-glucose units. Cellulose characteristics and chemical properties are closely associated with its molecular structure [16, 17] . Amorphous and crystalline regions are present within solid-state cellulose. Amorphous regions can be easily hydrolyzed by acid, while crystalline regions have a higher acid resistance [17] . Using acid treatment of cellular cellulose microcrystalline cellulose (MCC) can be produced. This material is a very promising reinforcement for polymers [18 -21] . MCC particles are inherently fairly stiff and act as reinforcement for various polymer matrixes including PDMS as show our investigations [22] .
However, monofunctional filler often can only improve a single property of polymer. Therefore, to prepare polymer materials with enhanced properties, compositions of various fillers or nanofillers can be mixed with polymer matrix. Inorganic nanoparticles (i. e. metallic) are important types of nanofillers that have been successfully used for the functionalization of polymer materials [23, 24] . The synthesis of metallic nanoparticles is generally carried out by reducing metal salts in the presence of surfactants or polymeric ligands to prevent from particles aggregation [25, 26] . The use of various materials as carriers for metallic nanoparticles and formation of organic/inorganic hybrid nanomaterials at present has been intensively investigated [27, 28] . Cellulose-based particles and metal nanoparticles composites as multifunctional fillers within polymer matrices also are possible [29, 30] .
Silver (Ag) as a nonspecific biocidal agent is able to act strongly against broad spectrum of bacterial and fungal species [31] . Although the antibacterial properties of silver are not fully understood, several researchers have demonstrated that Ag nanoparticles attach to the bacterial cell membranes modify its permeability and disturb respiratory function [32] . The tiniest Ag nanoparticles were also shown to penetrate bacterial cells and probably bind DNA [31, 33, 34] . However, latest investigations show that the antibacterial properties of Ag nanoparticles are the result of the release of Ag + ions and are not caused by the nanoparticles themselves [35] . Alvarez P. J. J. et al. suggest that the insoluble AgNPs do not kill bacteria cell by direct contact, but the soluble ions, activated by oxidation in the vicinity of bacteria, kill microbes. On the other words, the key determinant of Ag nanoparticles toxicity are not size, shape, and coating of the particles, but the amount of Ag + ions that are released. Thus, according to these researchers the antibacterial mechanism of silver nanoparticles should be focused on the mas-transfer process and controlled release mechanism [35] .
This study focuses on the possibility to improve polydimethylsiloxane properties using bifunctional filler that combines strengthening capability of microcrystalline cellulose with antimicrobial properties of silver nanoparticles.
EXPERIMENTAL

Materials
Silicone. Vinyl-terminated PDMS, Endeavour T-2516 (Endeavour Enterprise Co, Taiwan), applied for orthopaedic applications (i. e. knee pads, shoes pads inserts, etc.) was used for investigations. This PDMS is two-part (A:B) room temperature vulcanizing rubber, which cross-linking is catalysed by platinum complex. Platinum complex participate in a reaction between a hydride functional siloxane polymer and a vinyl functional siloxane polymer resulting in an ethyl bridge between the two polymers as is pictured in Scheme 1 [2, 4] . Main properties of PDMS rubber to be used are listed in Table 1 . Microcrystalline cellulose. For investigations applied MCC (Sigma Aldrich) is purified, partially depolymerized cellulose prepared by mineral acids treating of α-cellulose, obtained as a pulp from fibrous plant material. MCC particles size varies in the range of 20 μm (Table 2) .
Chemicals. Silver nitrate (AgNO 3 ; M = 169.87 g/mol), sodium borohydride (NaBH 4 ; M = 37.83 g/mol), and polyvinylpyrrolidone (PVP, (C 6 H 9 NO) x ; M ≈ 24000 g/mol) were bought from Sigma Aldrich. 
Sample preparation
Silver nanoparticles synthesis. Silver nanoparticles (AgNPs) were synthesized using one of the most popular chemical reduction method. The starting point of the synthesis was the production of a silver nitrate (AgNO 3 ) solution. When silver nitrate is dissolved it splits into a positive silver ion (Ag + ) and a negative nitrate ion (NO 3   - ). In order to turn the silver ions into solid silver, the ions have to be reduced by receiving an electron from a donator. Ice-cold sodium borohydride NaBH 4 was used to reduce precursor silver nitrate AgNO 3 . The silver nitrate reduction reaction can be written as:
In this study to prepare the microcrystalline cellulose/silver (MCC/AgNPs) nanocomposites in situ reduction of AgNO 3 in MCC aqueous suspension was applied. Initially 200 mg of MCC 1 h was dispersed in 100 ml deionized water. The suspension was stirred vigorously on a magnetic stir plate. PVP (100 mg) as colloidal stabilizer and AgNO 3 (1 × 10 -2 M) were added dropwise (about 1 drop/sec) to the MCC suspension (100 g, 2 %). After stirring for 30 min NaBH 4 (1 × 10 -2 M) was added. The suspension was reduced and changed from colourless to yellow. After stirring for another 1 h, the MCC/AgNPs nanocomposite was filtrated in vacuum, several times washed with deionized water and acetone and, finally, dried at 60 ºC for 4 h. To prepare composites with different AgNPs content, the aqueous AgNO 3 content in MCC suspension (100 ml, 2 %) was varied between 1 mL and 10 mL, keeping the same concentration of NaBH 4 . Increase of the AgNO 3 concentration darkened suspension colour from yellow to brown. The prepared MCC/AgNPs nanocomposites are listed in Table 3 . Scheme 1. PDMS addition curing mechanism catalysed by platinum complex [2] A Perkin Elmer 403 flame atomic absorption spectrometer, equipped with appropriate hallow cathode lamp and air-acetylene burner, was used for the determination of silver concentration in MCC/AgNPs nanocomposites. The instrumental parameters were as follows: wavelength of 328.1 nm; lamp current of 5 mA; band pass of 0.5 nm [36] .
Silicone specimens preparation. RTV silicone rubber (PDMS) specimens were produced using the following processing route: (i) mixing the MCC with vinyl functional silicone in appropriate amount and sonifying for 10 min, (ii) blending two liquid components, i. e. vinyl functional siloxane and hybrid functional crosslinker with A : B = 1 : 1 ratio; (iii) putting the uncured mixture under vacuum for 60 min in order to eliminate undesirable entrapped bubbles, (iv) pouring the liquid mixture in moulds, (v) putting moulds inside the oven at 70 ºC for 25 min to cure the silicone. Dog-bone test pieces were used for uniaxial tensile tests with gage area of (25 ±1) mm × (4 ±0.1) mm and thickness of (4 ± 1) mm. The specimens were moulded in the polyethylene terephthalate multicavity mould produced by compression moulding. For compression testing silicone shoe pad inserts moulded in special shaped epoxy mould were applied.
Characterization
Microscopy. The filler and composites structures were studied from images obtained by SEM FEI Quanta 200 FEG (FEI, USA). The samples were examined in low vacuum mode operating at 20.0 kV using an LDF detector. The content of AgNPs and chemical analysis of nanocomposites were performed by the energy dispersive spectroscopy SEM/EDS technique with a Brucker XFlash 4030 detector (accelerating voltage 10 kV, distance between the bottom of the objective lens and the object 10 mm).
Polarized light microscopy examinations using B-600 MET (Optika S.R.L., Italy) with a capture camera were carried out on the cast samples. The magnification of ×750 was used to examine the samples.
Wettability. Contact angle measurements were performed at ambient temperature by sessile drop method. A drop of deionized water (ca. 5 μL) was deposited onto silicone surface. After 10 s of dropping the drop was recorded with PC-connected digital camera. Contact angle was measured using method based on B-spline snakes (active contours) [37, 38] . This method offers the best trade-off between the use of the general drop shape to guide detection of the drop contour, and the use of an algorithm with local behaviour to compute contact angles with high accuracy [39] . The left and right contact angles of each drop were estimated. At least three measurements were performed to evaluate polymer surface and mean values calculated. The mean standard deviation of the measurements was 1 -2 degrees.
Antimicrobial investigations. The antimicrobial properties were evaluated against Staphylococcus aureus ATCC 25923, Gram-positive bacterium and Escherichia coli ATCC 25922, Gram-negative one. The kinetic of bacteria death rate was determined by method that is based on the inoculation of 0.1 ml of Tryptone soy broth (TSB, USA) media containing 3×10
8 cfu/ml from each isolate into sterile tubes. Each tube contained 20 ml of TSB and 10 μg/ml MCC/AgNPs particles. The media were incubated at 37 °C for 0, 1, 3, 7, 10, 15, 30, 45, 60, 120, 180 and 240 min (for tube 1 to 12, respectively) [40, 41] . Using a sterile swab, samples from these tubes were subcultured onto Columbia Agar with 5 % of Sheep Blood (Becton Dickinson, USA) plates and incubated at 37 °C for 72 h. Bacterial survival was recorded over a 4 h period.
Mechanical testing. Uniaxial tensile tests were carried out at room temperature using universal testing machine H25KT with load cell of 1 kN (Tinius Olsen, Redhill, England). A cross-head speed of 100 mm/min was used for this study. Measurements were performed at room temperature with the dog-bone test pieces. Five test pieces were tested for each set of samples and the mean values were calculated.
Uniaxial compression tests were carried out using universal testing machine H25KT with load cell of 25 kN (Tinius Olsen, England) at loading speed of 10 mm/min. Measurements were performed with moulded silicone shoe pads inserts at 20 % of compression strain. Compression testing set to be used is shown in Fig. 1 . Not less than three test pieces were tested for each set of samples.
Silicone hardness was defined as samples resistance to permanent indentation using Shore A durometer HPSA-M (Albuquerque Industrial, USA) with spring loaded needlelike indenter foot with end diameter of 0.079 mm. The sheet samples of thickness not less than 6.0 mm were used. At least five measurements were performed and mean value calculated.
RESULTS AND DISCUSSION
Morphology
The overview and detailed appearance of the used MCC particles are shown in Fig. 2 . As can be seen, MCC is in particulate form and the particles dimensions are in the range of (10 -20) μm, while aspect ratio varies between 2 and 4. Usually, as can be seen from SEM images, MCC particles form aggregates (Fig. 2, a) . A fairly rough surface is characteristic for MCC particles (Fig. 2,  b) . It is also possible to see some nanofibrils on the MCC particles surface, which may be evidence that MCC particles are agglomerates of hundreds of individual cellulose nanofibrils. Energy, keV Fig. 3 , b, shows EDS spectra of the MCC with deposited AgNPs. The peaks around 0.15 keV and 0.3 keV are related to the binding energy of MCC, while peaks at 1.25 keV and 2.15 keV can be attributed to the binding energy of glass that was used as substrate. The peak around 3.0 keV is related to the silver elements in MCC/AgNPs nanocomposites with different silver concentration. Besides, the increase of AgNPs percentages in MCC after reduction increases the intensity of silver binder energy peak in the EDS spectra.
The fracture surfaces of the PDMS/MCC composites were studied to understand the failure mechanism and possible interaction between components. The fracture surfaces of the composites are given in Fig. 4 . Overview of composite surface shows a uniform dispersion of MCC particles in PDMS matrix (Fig. 4, a) . At higher filler loading MCC particles form aggregates, but in some cases separation take place during mixing. As can be seen from Fig. 4 , large number of holes is visible in PDMS matrix, where MCC particles were located before fracture. More detailed SEM micrograph Fig. 4 , b, shows that there are voids around some MCC particles. Both observations, voids around MCC and holes in the matrix, indicate that there is poor adhesion interaction at the PDMS and MCC interface.
The siloxane films were observed through crossed polarized light (Fig. 5) . PDMS composite show birefringence, which is due to the crystalline behaviour of the MCC. It obvious that MCC particles are randomly oriented in the composite film and their dimension are not homogeneous.
MCC due to the hydrophilic nature influences not only composite morphology, but PDMS surface properties also. As can be seen from data, listed in Table 4 , addition of MCC influences on the PDMS films wettability behaviour. The unfilled PDMS surface can be characterized as highly hydrophobic (θ = 112º -113º), but addition of hydrophilic MCC improves surface wettability and decreases contact angle in 9 % -15 % depending on the filler amount. 
Antimicrobial activity
The biocidal action of silver nanoparticles against many species of bacteria is well known and widely used [32, 33, 41 -43] .
Previous our tests performed against Gram-positive bacterium S. aureus and gram-negative bacterium E. coli using disc diffusion or Kirby-Bauer method [40] containing different concentration of silver did not reveal any changes in antimicrobial activity of MCC/AgNPs nanocomposites. No inhibition zones were observed that did not allow to confirm the diffusion of silver nanoparticles from nanocomposite to culture medium.
However, analysing sterile tubes inoculated with the tested Gram-positive and Gram-negative bacteria it was obtained that MCC/AgNPs inhibit bacteria and fluctuation in antibacterial activity is observed with varying silver content. The presence of nanoparticles at 0.32 % -0.51 % silver concentration inhibits S. aureus bacteria growth by ca. 50 % after 1 h of incubation (Fig. 6 ), while nanocomposites with lower content of silver (0.18 % -0.2 %) -after 2 h incubation. Some antibacterial activity of MCC/AgNPs nanoparticles is observed to E. coli bacteria, also. But in this case the antibacterial activity of nanocomposite is weaker than that to S. aureus.
It may be supposed that antimicrobial activity of AgNPs is solely due to the Ag + release and even relatively low concentration of silver ions account for the biological response [35] .
However, further increase of incubation duration causes bacteria colonies growth and multiplication. It may 50 μm τ = 0 h τ = 1 h Fig. 6 . Appearance of inhibitory zones after MCC/AgNPs nanocomposite contact with S. aureus and after incubation 1 h at 37 °C be supposed that content of AgNPs deposited on the MCC surface is low and shows inconsiderable susceptibility for preventing bacteria growth. Additionally, as show early investigations (Fig. 3, a) , AgNPs were observed in aggregates, which demonstrates that prevention from particles aggregation during nanoparticles reduction was unsuccessful. Therefore, AgNPs has only bacteriostatic effect on the bacteria colonies, when bacteria are only inhibited, but not killed. Thus, the modification of MCC surface by oxidation and preparation of carboxylated cellulose, which allow to increase silver concentration on the cellulose particles, is necessary.
Mechanical properties
The effect of MCC content on the tensile strength, elongation at break and Shore A hardness are shown in Fig. 7 . The tensile strength of vulcanized PDMS composites increases with the increase of MCC loading PDMS (Fig. 7, a) . The composites with 5 wt.% of MCC have tensile strength of 260 kPa, which is in 32 % higher than that of pure PDMS. Addition of higher content of filler yet more strengthen composites. In the case of 20 wt.% MCC the composite strength increases more than twice.
Similar influence of MCC content is observed in the case of elongation at break. As can be seen from Fig. 7 , a, PDMS composite with 20 wt.% of MCC shows 1.5-times higher deformation ability than that of unfilled PDMS.
The Shore A hardness also increases almost linearly with the increase of MCC content (Fig. 7, b) . The pure PDMS has hardness of 5.1 Shore A, while hardness of the PDMS/MCC 20 wt.% composite increases up to value of 11.4 Shore A units. The improvement in mechanical properties can be attributed to the composites stiffness increase with the loading of stiff MCC particles.
The compression behaviour of PDMS composite at various MCC content was investigated also and knee pads testing results are presented in Figure 8 . It is evident that MCC increases compression resistance of PDMS and degree of changes depends upon filler loading. The compression force and area of the hysteresis loops at 20 % compression strain increase with the increase of MCC content in PDMS matrix (Fig. 8, a) .
Such behaviour shows that absorption energy of silicone knee pads also increases. As can be seen from Fig. 8 , b, absorption energy changes according to the linear dependence. The mixing of 10 wt.% MCC changes absorption energy from 314 J up to 392 J (increase in 20 %), while addition of 20 wt.% of filler increases pads absorption ability in 40 %. Higher loading of MCC does not cause further increase of the absorption energy.
The investigations reveal that for filling using MCC/AgNPs nanocomposites, with silver concentration of (0.16 -0.5) wt.%, PDMS matrix mechanical properties have higher values in 3 % -11 %. It may be supposed that high surface energy AgNPs increase MCC adhesion with PDMS matrix. However, the influence of silver concentration on mechanical behaviour was ambiguous and more searching investigations are necessary. Thus, the combined advantages of MCC/AgNPs as filler and PDMS as matrix bring multifunctional properties.
CONCLUSIONS
This study was carried out as an initial step towards the supply antibacterial properties of microcrystalline cellulose (MCC) and uses such nanocomposite as reinforcement of polydimethylsiloxane (PDMS) matrix.
MCC exists as aggregates of nanofibres of cellulose. The voids around some MCC particles demonstrate that there is poor adhesion interaction at the PDMS matrix and MCC particles interface.
Cellulose and silver nanocomposites (MCC/AgNPs) were successfully prepared by in situ reduction of silver nitrate in aqueous MCC suspension. Obtained MCC/AgNPs nanocomposites inhibited the growth and multiplication of the Gram-positive Staphylococcus aureus and Gram-negative Escherichia coli bacteria at initial time of incubation. However, antibacterial activity of such nanocomposite was only bacteriostatic due to the insufficient silver concentration deposited on the MCC particles and silver nanoparticles tendency to the aggregation.
Mechanical properties of the PDMS/MCC composite are superior to compare to those of unfilled polymer, due to the increase of composite stiffness. Deposition of AgNPs on the MCC increases filler particles adhesion interaction with PDMS matrix.
